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Dr. Edward Green

Office of Naval Research

Oceanic Chemistry Program (Code 323C)
800 N Quincy Street

Arlington, VA 22217-5000 K

Re: Final report for N00014-90-3J-4129 Aerosol Iron/Phytoplankton
Interactions

Dear Ed4,

This is the final report for the Aerosol Iron grant. Under
the degis of this grant two cruises were staged to the equatorial
Pacific Ocean in 1990 and 1992. These multidisciplinary cruises
were organized by scientists from MLML and Texas A&M to study the
role of atmospheric iron inputs in controlling equatorial Pacific
ecosystems. Scientists from MIML, Texas A&M, University of Rhode
Island, University of Hawaii, MIT and Brookhaven National
Laboratories participated in these cruises. Publications from each
of these groups have appeared in the literature. A number of
conference presentations have been made as well, including a
special session at an AGU conference.

The work conducted by MIML scientists has focused on the
processes that control Fe bioavailability and its impacts on
community level biological processes. Limitation of community
growth in the equatorial Pacific was demonstrated by Martin et al.
(1991). This work also demonstrated that aerosol iron was
biologically available. The role of photochemical reactions in
solubilizing this iron was demonstrated by Johnson et al. (1994).
Colloidal iron at low nanomolar concentrations was shown to undergo
photochemical reduction at a rate sufficient to supply the
community with enough monomeric Fe to meet their growth
requirements.

Several papers from this cruise are now in preparation. Coale
et al. (in prep. for Nature) demonstrate that communities are
limited to one half their maximum growth rates at a total iron
concentration of 0.12 nM, and they reach saturating growth rates at
iron concentrations less than 1 nM. Ambient iron concentrations in
the equatorial Pacific are near 0.05 nM and the communities are
under severe iron stress. Variations in total iron concentrations
across the equatorial Pacific are well correlated with community
growth properties, as a result. Fitzwater et al. (in prep. for the
Deep-Sea Research EqPac special issue) summarize all of the
incubation experiments that have been performed by the Moss Landing
group in the equatorial Pacific. The phytoplankton species -
changes, determined by counting samples, flow cytommetry and by R
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HPLC are addressed in this paper. Gordon et al. (in prep. for the
Deep-Sea Research EqPac issue) demonstrate that in the equatorial
system inputs of iron driven by equatorial upwelling are the
dominant source of iron. These inputs appear to control new
primary production in this systemn.

We are continuing to work on these papers, and expect that
they will all by submitted during Fall, 1994. As you are aware,
all of the papers from the IronEx cruises have been accepted and
will appear in Nature (with a cover photo, we believe) in a few
weeks. In addition, a special issue of Deep-Sea Research honoring
John Martin and focusing on the IronEx and PlumeEx experiments has
been solicited by John Milliman. K. Coale is acting as guest
editor for this issue.

Sincerely you

Kenneth S. Johnson
Professor of Oceanography
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Abstract

The photochemistry of iron in surface waters, and its implications to iron bioavailability, was examined on two cruises
1o the equatorial Pacific. Decktop incubations were performed with equatorial seawater to which iron was added in
various chemical forms. Results showed clear diurnal patterns in measurable iron levels, with the highest levels occurring
midday. These results are consistent with a model of iron cycling involving the photo-reductive dissolution of colloidal
iron and its subsequent oxidation and biological uptake of dissolved iron(IIl). Model calculations were based on
independently determined rate constants. We suggest that photochemical reactions may have a significant impact on

iron availability to phytoplankton in the open ocean.

1. Introduction

Iron is thought*to be a limiting nutrient that
regulates ecosystem structure and primary produc-
tion in large areas of the ocean (Barber and
Chavez, 1991; Coale, 1991; Martin et al., 1991;
Martin, 1992). This hypothesis has focused
considerable interest on the processes that regulate
iron cycling and biological availability in the upper
ocean (Wells, 1989; Bruland et al., 1991; Morel
et al,, 1991). Dissolved iron concentrations in the
surface waters of the Pacific are typically < 0.1 nM
(Martin, 1992). Iron at this level limits growth in
bioassay experiments (Martin et al., 1989, 1991;
Coale, 1991). The rate of input of bioavailable
iron must exert a strong influence on ocean produc-
tivity in these systems. The major source of iron to
the remote areas of the world’s oceans is deposition
of atmospheric dust particles (Donaghey et al.,
1991; Duce and Tindale, 1991). However, Wells

et al. (1983, 1991a), Finden et al. (1984) and Rich
and Morel (1990) have demonstrated that iron oxy-
hydroxide particles and iron colloids are not
directly available to phytoplankton. Iron particles
and colloids must be solubilized to support phyto-
plankton growth (Rich and Morel, 1990).

Wet deposition of dust particles is typically the
major pathway for transport of iron particles to the
surface ocean (Duce and Tindale, 1991). Rain
squalls can have detectable impacts on the iron
concentration in the surface ocean (Hanson et al.,
1992). Much of the iron in precipitation may be
solubilized within the raindrops by reductive
dissolution to Fe(II) driven by the oxidation of
SO, (Zhuang et al, 1992). However, Fe(ll) is
oxidized to Fe(III) with a half-life of about 2 min
in surface ocean water (Millero et al., 1987). Thus,
the reductive dissolution of Fe particles in
precipitation may increase the solubility of iron
deposited to the ocean, but oxidation and
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scavenging onto particles is likely to rapidly
transfer the dissolved iron into a biologically
unavailable form.

Much work has focused on processes that might
solubilize particulate iron in seawater. Production
of marine siderophores has been shown to increase
iron solubility and bioavailability to some
organisms (Trick et al, 1983; Trick, 1989).
Recently, Reid et al. (1993) have described a sidero-
phore from a marine bacterium with an exception-
ally high ferric ion binding constant, which
suggests that siderophores may solubilize iron.
However, the presence of siderophores in natural
secawater has not been reported and few marine
organisms with the capability to prodi.: them
have been identified (Sunda, 1989; Weii., 1989;
Bruland et al., 1991).

There has also been considerable interest in the
role that photochemical reduction might play in
making iron bioavailable (Anderson and Morel,
1982; Finden et al., 1984; Waite and Morel, 1984;
Wells and Mayer, 1991; Wells et al., 1991b;
Hudson et al., 1992). In this paper, we show that
nanomolar concentrations of iron added to
. equatorial Pacific seawater show a regular, diurnal
cycle between a form detected by our analytical
method (Elrod et al., 199]), which we presume to
be dissolved and bioavailable, and a non-detectable
form that is presumably colloidal or particulate
iron. The magnitude and timing of Yhis trans-
formation is consistent with a model of photo-
chemical reduction of colloidal and particulate
Fe(IIl). The model represents independent con-
firmation of our results, as the rate constants are
derived from independent studies of iron reactions.

2. Methods

A series of experiments were performed on the
FeLINE-I (June 19-July 18, 1990) and FeLINE-II
(March 13-April 11, 1992) cruises to the equatorial
Pacific. Stations were occupied on a meridional
transect across the equator near 140°W. Seawater
was collected at a depth where light was approxi-
mately 25% of the surface intensity using 30 |
Teflon-lined. GoFlo bottles suspended on a
Kevlar wire (Martin et al.. 1989). This depth was

40 m on FeLINE-I and 25 m on FeLINE-II. The
water was added to acid-cleaned, 20 i polycarbon-
ate carboys (Coale, 1991) to which 10 nM iron was
added. The iron was added as inorganic iron in the
form of FENH,(SOy),, as organically complexed
iron {sodium ferric ethylenediamine di-(o-hydrox, -
phenyl) acetate] and as natural Asian dust aerosols
collected from the remote marine atmosphere. The
acrosol sample was collected at the air sampling
station on the windward side of Oahu, Hawair.
The trace element composition of this aerosol is
dominated by Asian dust (Arimoto et al., 1989).
The carboys were then placed in deckboard incu-
bators screened with PVC mesh that reduced the
light measured with a PAR meter to 25% of the
surface intensity. Surface seawater was circulated
through the incubators to maintain constant incu-
bation temperature. Over the course of the incuba-
tions samples were collected for the analysis of
Fe(11I) and Fe(II), nitrate, and chlorophyli.

Iron was determined in samples from the incu-
bators at sea using flow injection analysis with
chemiluminescence detection (Elrod et al., 1991).
This analytical method is most selective for
Fe(II). Fhe sensitivity for Fe(III) is about 5% of
that for Fe(Il) at temperatures near 20°C. How-
ever, we found in this work that the sensitivity to
Fe(IIl) increased dramatically at higher tempera-
tures. At temperatures > 30°C, the signal due to
Fe(11I) became equal to that for Fe(Il). Although
this result can be used to develop an effective
Fe(IlI) analysis, it compromised our results for
Fe(11) because of the high laboratory temperatures
encountered in the ship near the equator (> 23°C
on FeLINE-I and in some cases > 30°C on
FeLINE-I1, due to failure of the ship's air con-
ditioning). We do not report any Fe(II) measure-
ments here, therefore. Iron(Il1l) was determined
by reducing sample pH to 5.0 and adding 2 uM of
hydroxylamine hydrochloride to the sample for 2 h
to reduce dissolved Fe(III) to Fe(II). Samples were
filtered (0.45 um) inline as they were analyzed
(Elrod et al., 1991). Thus, the measured iron con-
centrations are the total reducible iron in soluiicn
(TRFe). Detection limits [3 standard deviations
(SD) of the blank] were near 0.3 nM.

The sensitivity of the iron analysis to colloidal
Fe(11I) was determined in the laboratory by analyz-
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ing seawater solutions that contained additions of
ferrihydrite colloids that were prepared following
the procedure of Wells et al. (1991a). A stock solu-
tion of 400 uM FeCl; was allowed to polymerize
for 1 h at room temperature. Colloidal ferrihydrite
prepared under these conditions is labeled
20°FERR. Colloids with greater degrees of crystal-
linity were obtained by heating aliquots of the 400
uM stock soiution to 50°C (50°FERR) and 90°C
(90°FERR) for 5 min. These colloids were then
added to scawater at pH 8 to obtain a 10 nM
solution, which was kept in the dark at 20°C to
prevent photochemical reaction. The TRFe in
these solutions was determined as described above.

Nitrate and chlorophyll concentrations in
samples from the incubators were also determined
at sea. Nitrate was determined as the azo dye
(Strickland and Parsons, 1972) using an Alpkem
RFA segmented analyzer. Chlorophyll was
collected on GF/F glass fiber filters and extracted
with 90% acetone for 24 h before analysis with a
Turner model 10 fluorometer.

3. Results
3.1 Colloidal iron interference

The concentrations of TRFe observed in the
colloidal iron solutions demonstrate that under
the conditions of the analysis, as used here, only
colloidal iron of very low crystallinity is detected
(Fig. 1). Analysi$ of TRFe in seawater containing
colloidal iron always resulted in less than 100%
recovery. Experiments reported elsewhere (Coale
et al., 1994) have demonstrated that the decrease
in iron concentrations is not due to loss of the iron
to the carboy walls. The missing iron remains in
suspension and can be recovered by acidifying sub-
samples of the solution to pH =13,

Only 6.5+ 0.3 (1 SD) and 0.5+ 0.1 nM TRFe
were detected after 2 h in equatorial seawater
(initial iron < 0.3 nM) containing 10 oM of
added 20°FERR and 10 nM 90°FERR colloids,
respectively. The concentrations of detectable
iron dropped to values at or below our detection
limits after 24 h in the seawater containing
SO°FERR and 90°FERR colloids. This corre-
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Fig. 1. Tota! reducible Fe concentrations detected in seawater
collected at 15°N, 149°W in 1992 at a depth of 30 m after
addition of 10 nM colloidal sron at ume zero.

sponds to less than 3% recovery of the heat-
treated colloidal iron that had aged 1 day. The
concentration of TRFe observed in the seawater
containing 10 nM of 20°FERR colloids stabilized
near 1 nM within 24 h, or 10% recovery. It is likely
that the ferrihydrite formed in our incubation
experiments will have a higher degree of crystal-
linity than the 20°FERR colloids because the rate
of formation will be much slower at the low iron
concentrations used in our experiments. These
results z-e strong evidence that colloidal iron
would be undetectable in our experiments.

3.2 Carboy experiments

Fig. 2 shows the results obtained in 1990 at 3°S,
140°W. The incubation was done using trace metal
clean techniques described by Coale (1991). The
low growth in the control carboy (+0 Fe) indi-
cates littie contamination with iron. Over a period
of 5 days, the controls without added iron con-
sumed <2 uM NOj and chlorophyll increased
<0.5ug 17'. The carboy with 10 nM Fe added as
FeNH,(SO,); showed complete depletion of
nitrate (7 uM NOj) and chlorophyll increased to
nearly 4 ug 1~! (Fig. 2b). The low growth with no
added iron was repeated in replicate control
carboys, while a second carboy with 5 nM Fe
added as FeNH,(SO,), showed very similar
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Fig. 2. (a) Total reducible Fe concentrations measured over time
in carboys with additions of § and 10 nM FeNH(SOy);. The
seawater was collected at 3°S, 140°W in 1990. The light and dark
bars indicate day and night. (b) Concentrations of nitrate and
chlorophyll measured over time in the carboy with 10 nM
Fe(111) added and in a control carboy with no added iron.
Concentrations in the carboy with § nM Fe(lil) added were
virtually identical to those measured in the 10 nM addition
carboy.

growth and nutrient uptake to that observed in tke
carboy with + 10 nM Fe. Addition of 10 nM Mn,
and no Fe, to a carboy without added iron did not
produce extra growth (not shown).

The additions of +10 and +5 nM Fe(lIl) in
these incubations were made at sunset. The concen-
tration of TRFe decreased rapidly in the carboys
during the 12 h dark period that followed to a low
of 3.1 nMin the + 10 carboy and 1.7nM in the +5
carboy (Fig. 2a). Concentrations of TRFe began to
increase after sunrise and reached maximum values
of 48 and 3.8 nM TRFe in the afternoon. A
distinct diurnal cycle in the TRFe concentration

K.S. Johnson et al./Marine Chemisiry 46 (1994) 319-334

Table |
Experimental treatments on the 1992 FeLine-1! cruise

Carboy Treatment

0.22 um filtered and 10 nM 35 FeNH,(SO,);

Control with no added iron

10 nM as FeNH.(50,),

10 nM as FeNH(SO,). +catalase

10 nM as sodium ferric ethylenediamine
di-(o-hydroxyphenyl) acetate (trade name
Sprint 138)

6 =10 nM Fe as acrosol particies

woh W N -

continued for 2 days with lowest values near
dawn and a maximum in late afternoon (Fig. 2a).
The amplitude of this cycle was 1-2 nM. Concen-
trations of iron in carboys without added iron were
below our detection limit and the results are not
shown.

A second series of incubation experiments was
conducted in 1992 near the equator at 140°W. The
most detailed study was conducted at a station on
the equator (Table 1). At this station, Carboy #1
contained 0.22 um filtered seawater with 10 nM

g
3
g2l
<
1 o
@1, fhered +Fe
4} —— 2
AR
92 +0 A
...... PRy
3 #3, +Fe , .\:
4 :A\.
g 94, +Fe + cataiass ’ o
2‘. - l’ P ,t&
[ ] [ , - !
S e Y
. - P d N
1 %0 oot ’::,:_,—’
. ”!H-E--—:@;‘a: .................. ‘

86 87 88 89 %0 9
Local julian day

Fig. 3. Nitrate and chlorophyll concentrations, respectively.
measured over time in carbeys containing seawater collected
at 0°N, 140°W in June, 1990.
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Fe(1l1) added as FeNH,(SO,), and, as expected,
showed no increase in chiorophyll or depietion in
nitrate (Fig. 3). Carboys #3-#6 in this experiment
all contained ca. 10 nM iron added in various
forms (Table 1). The chlorophyll increased and
nitrate was depleted in all 4 of these carboys. The
carboy with iron added as aerosol particles (¥#6)
showed the most rapid growth and attained the
highest chiorophyll levels (Fig. 3). Carboy #5
with organically complexed iron also showed rela-
tively high growth compared to the carboys with
inorganic iron (#3 and #4). The control in carboy
#2 without added Fe did grow, but it always lagged
behind the other treatments. It has been suggested
that atmospheric inputs of iron were high during
the spring of 1992 due to enhanced atmospheric
inputs that resulted from the El Nino conditions
and the Mt. Pinatubo eruption. The control incu-
bations performed during the spring of 1992 in the
equatorial Pacific by J. Martin’s research group
also showed relatively high growth (J. Martin and
S. Fitzwater, pers. commun.. 1993), which suggests
unusually high Fe levels.

Fig. 4 shows the iron data from thesc experi-
ments. Total reducible iron concentrations in
Carboy #1 showed a large change on the first day
(amplitude = 2 nM) and then a much attenunated
cvcle (amplitude < 1 nM) over the remainder of the
experiment when compared to its unfiltered com-
panion experiment in Carboy #3. The TRFe con-
centrations in Carboy #3 underwent a pronounced
diurnal cycle over the complete experiment with an
imtial amplitude of 2 nM that gradually decreased
10 about 1 nM as concentrations dropped over the
4 day experiment. Addition of catalase to Carboy
=4, to suppress the H,0, concentration, had rela-
tively little impact on iron concentrations (Fig. 4).
Similar diurnal cycles were seen in Carboy #5 with
the Sprint-138 complex and in Carboy #6 with
acrosol iron. However, the mean level of TRFe
was much lower in these two carboys than in the
carboys to which FeNH,(SO,), was added. Iron
concentrations in the control carboy (#2)
remained below our detection limit for the experi-
ment.

A second incubation experiment was performed
4t 15°N. 149°W. There was very little nitrate in
surface water at this station (< 0.1 uM NO7) and

5 #1, fintered +Fe #3, +Fe

3 .
1
me
§ 5| #4, +Fe + catalase #5, +Sprint Fe
c .
LQL) 3 . .. ‘ )
[a . A ‘ ,
- 1 . b ‘, ',’ ‘~, ‘-\v,'\—'
86 67 88 89 90 o1
SRR N
5 #6, +aerosol Fe
3

A

"\-\ . s
1~ TG

86 67 88 89 90 91

Local Julian Day

Fig. 4. Total reducible Fe concentrations detected in the carboy
experiments at 0°N, 140°W in 1992. The treatments of each
carboy are described in Table 1. No iron was detected at con-
centrations above our detection limits in Carboy #2 and the
results for that experiment are not shown. The light and dark
bars indicate day and night.

there was no growth in any of the carboys. Data for
chlorophyll and nitrate in these experiments are not
shown, therefore. Fig. 5 shows the TRFe data from
the experiment at 15°N. The TRFe concentrations
again show a distinct diurnal periodicity. There
were no detectable differences among the various
treatments, which were the same as at the equator-
ial statio : (Table 1).

Phytoplankton were able to grow with all of the
different chemical forms of iron that were added to
the incubation experiments performed at the equa-
tor in 1992 (Fig. 3). Particulate iron, in the form of
aerosol particles was one of the most efficient pro-
ducers of chlorophyll, which is a good proxy for
biomass in these experiments (Martin et al., 1991).
Chelated iron also produced high chlorophyll

o ""'%‘;’CT




undetectable iron species as a single species.
which we call FeC. The FeC may. in fact. be
colloidal, particulate or organically compiexed
Our analytical protocol would not detect any of
these forms of iron.

Fig. 6 shows a schematic of a model that we havc
used to simulate the photochemical cycle of iron 1t
is based upon the minimum set of three iron species
and it is similar to that developed by Anderson and

kb K.S. Johnson e1 al. Marine Chemustry 46 (1994 319-334
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F1g. 5. Total reducible Fe concentrauons detected 1n a carboy
expenment at 15°N, 149°W in 1992. Treatments in each carboy
are the same as those described in Table 1. The hght and dark
bars indicate day and night

levels. Some process must be converting the iron to
a dissolved chemical form that is available to the
plankton, as laboratory experiments demonstrate
that organically bound iron (Anderson and
Morel, 1982) and colloidal iron (Rich and Morel,
1990) are not directly bioavailable. The diurn.l
cycle in TRFe concentration suggests that this
process involves a photochemical step. We have,
therefore, examined the available data on iron
photochemistry in seawater to ascertain whether
or not a photochemical cycle is consistent with
our results.

3.3 Photochemical model

The diurnal cycles of iron that were observed in
the incubation experiments would require the
existence of a minimum of three photolabile iron
species: a soluble Fe(IlI) species that is detected by
the FIA-CL analysis, an undetectable Fe(IIl)
species that we assume to be colloidal, and Fe(Il)
that is the product of a photochemical reduction
reaction. It is also possible that the undetectable
iron is bound to particles or an organic ligand.
Some role for particulate iron in the photo-
chemical cycle is suggested by the differences
between the diurnal cycles of iron observed in
filtered (Carboy #1) and unfiltered (Carboy #3)
seawater at the equatorial station in 1992 (Fig. 4).
There is no evidence for strong complexation of
nanomolar levels of iron in seawater (Bruland et
al.,, 1991). For simplicity, we have modeled the

Morel (1982) and by Hudson and Morel (1990)
The three iron species undergo a total of 6 reac-
tions. Dissolved Fe(IlI) forms colloids (step A).
The colloidal FeC is then photoreduced via step
B. Dissolved Fe(lll) can also be photoreduced
directly (step C). The Fe(Il) is then reoxidized 10
Fe(I1I) by oxygen (step D) or by hydrogen peroxide
(step E). The Fe(III) is also incorporated into cells.
where it is essentially removed ffom the syvsiem
(step F). Hydrogen peroxide also decays (step G}.

The rate constants for each of the steps in the
model were all adapted from the literature or

@)
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Colioid-O’

A
(€)

Colloid-O-Fe e
LIGHT
Organics

(B)

Fig. 6. Schematic of the reactions used to mode! the photoche-
mical cycle of iron. Dissolved, monomeric Fe'~ species finclud-
ing Fe(OH)2™""] react via step A to form colloidal Fe(!ID)
species. Colloidal Fe(Ill) species are photoreduced wia step 8
Dissolved, monomeric Fe’~ is aiso photoreduced directly via
step C. Dissolved Fe?” produced via the photoreducuon reac-
uons 1s oxidized back to dissolved, monomeric Fe’~ by reaction
with oxygen (step D) or by reaction with hydrogen peroxide
(step E). Dissolved, monomeric Fe!* is also incorporated mnto
biomass via step F. Finally, we have included a decay reaction
for the hydrogen peroxide produced from superoxide 1ons (step
G
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periments at sea. The rate constant for formation
" colloidal iron (step A) was deterrmined by
easuring \he change in dissolved Fe(111) concen-
ations during dark periods after the addition of
x imual 10 nM Fe(11l) spike (e.g. Fig. 2). A plot
f concentration vs. tme during the initial dark
eriod is linear on a semi-log plot, indicating
rst-order kinetics with a rate constant k¢ = 0.1
=' (Fig. 7). The rate law for step 4 is:

[Fe(111):
or

he photoreduction rate constant of colloidal iron
nd that for dissolved iron were calculated from the
acasurements in coastal seawater at pH 6.5 by
Vaite and Morel (1984). They added Fe as an
anorphous FeOOH stock solut'~n ‘o filtered,
0aslal seawater and found a phc._reduction rate
) 14 nmot Fe(Il) (umol FeOOH)™! min~' at an
rradiance of 30 uE m!™' min~' from a solar simu-
ator and a pH of 6.5. We assume that this photo-
-eduction rate applies 10 the FeC species and that
the reaction is first order with respect to FeC con-
sentration. An irradiance of 30 u)E ml™' min~' isa
typical value at noontime in the equatorial Pacific.
We assume that this is the maximum rate possible,

= —kc[Fe(1l1)) 1)

e T Y T

@ 10 nM Inltig! spike

10 +

S nM Initic) spike

Tolal Reducible Fe (nM)

Time (hours)

Fig. 7. Total reducible Fe concentrations measured in the first 12
h dark period afier addition of 5 and 10 nM FeNH,(SO,), to
seawater. The lines for each expenment correspond to first-order
removal rates of 0.10 h™'. Time zero data points are the calcu-
iated tnival concentration and were not directly measured.
Tnese results correspond to the first 3 data points in Fig. 3 (top).

and the photoreduction rate decreases linearly with
the irradiance. The rate law for photoreduction of
colloidal Fe(Ill) is (step B):

O[Fe(Il)] _ _O{Fe(Ill)] _ kn.c[FeCjl
o a I
where [FeC] is the concentration of the undetect-
able, colloidal iron species. I is the irradiance and
Iy=30 pE m!I™" min~'. The rate constant
kn.c =084 h™'. This equation assumes the reac-
tion is proportional only to the solar flux, and it
ignores the wavelength dependence of the reaction.
Rich and Morel (1990) have shown that only light
at wavelengths less than 560 nm can photoreduce
iron. Wells et al. (1991b) have shown that only light
at wavelengths less than 400 nm reduces ferrihy-
dndite present at relatively high (4 uM) concentra-
tions. However, there are few other data available
regarding the spectral dependence of the reaction

and we are forced to make this simplification.
Waite and Morel (1984) concluded that photo-
reduction was much slower at pH 8 because no
Fe(Il) accumulated in their experiments at pH 8.
However, their results are also consistent with a pH
independent rate of photoreduction and a much
higher rate of Fe(Il) oxidation at pH 8 that
would keep Fe(II) concentrations below their
detection limits (Hudson et al., 1992). Hudson et
al. (1992) recently performed an experiment to
check this hypothesis by adding an organic ligand
to seawater to trap any Fe(II) formed by photo-
reduction and prevent its reoxidation to Fe(IIl).
They found that about 30% of the ferric hydrox-
ide colloids precipitated in a solution containing
humic acids were photoreduced in 1 h after the
colloids were added to synthetic seawater at
pH = 8. This corresponds to a rate constant of
0.3 h™! at pH = 8, in relatively good agreement
with the value that we derived from Waite and
More] (1984). This agreement suggests that there
is not a strong pH dependence of photoreduction
rates between pH 6.5 and 8. Wells and Mayer
(1991) also examined the photoconversion of ferri-
hydrite to labile forms that could be extracted from
seawater by complexation with oxine. Photo-
reduction rates derived from their work are about
10-50-fold lower than the values that we used. This
may result because they used high concentrations

(2)
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of ferrihydrite colloids (1-5 uM) that exceeded the
concentration of chromophores present in solu-
tion, or because some of the photoreduced iron
reoxidizes to iron species that are unavailable to
their analytical method dunng the photolysis
experiment. We assume that the results of Waite
and Morel (1984) also apply at pH 8.

The photoreduction rate of dissolved Fe(III) was
also determined from the measurements of Waite
and Morel (1984). In their experiments, additions
of 42 and 84 nM Fe(lIl) as an FeCl, solution to
filtered coastal seawater at pH = 6.5 produced 9
and 14.5 nM Fe(II) after 2 h of irradiation at 30
uE mlI™' min~' with a solar simulator. After
correcting their results for the production of
Fe(Il) in seawater with no added iron (4.4 nM
per 2 hirradiation). and assuming first-order reac-
tion kinetics that are pH independent, we calculate
the rate law for photoreduction of dissolved Fe(III)
(step C) to be:

o[Fe(Il)] _ _a[Fe("l)] _ kn,o[Fe(IIN))/
a o JA

(3)

where k,,p =0.055 h™'. This rate constant
presumably represents the photoreduction rate of
dissolved Fe’* before colloids have formed in
solution.

Rate constants for the oxidation of Fe(Il) are
also required in this model. The oxidation of
Fe(II) by reaction with oxygen (step D) is believed
to proceed via the Haber-Weiss mechanism
(Stumm and Morgan, 1981):

Fe(II) + O, — Fe(Ill) + O; @)
Fe(Il) + O3 + 2H* — Fe(lll) + H,0, ()
Fe(1I) + H,0, — Fe(Ill) + OH™ + OH' 6)

Fe(Il) + OH + — Fe(lll) + OH~
4Fe(ll) + Oy + 2H* — 4Fe(lll) + 20H"

@)

Moffet and Zika (1987) have concluded that this
pathway is unlikely to go to completion at the low
metal concentrations found in seawater because
many of the radicals involved in reactions (5)-(7)
will be scavenged by other processes. We have con-

sidered each of these reactions separately in the
model, therefore.

Millero et al. (1987) measured the rate of reac-
tion of Fe(Il) with O, in seawater. These measure-
ments were made at micromolar iron
concentrations. High Fe(ll) concentrations favor
the completion of the entire mechanism raiher
than loss of the radicals by other pathways. Their
results correspond to the sum of reactions (4)-(7).
Reaction (4) is believed to be the rate limiting step
in the chain. The rate constant for reaction (4) (ko)
can be obtained by reducing the rate constants
reported by Millero et al. (1987) by 1/4. therefore
(Moffet and Zika, 1987). The rate law for step D of
the model is (Millero et al., 1987):

d(Fe(II))
ot

Millero and Sotolongo (1989) measured the rate of
reaction of Fe(Il) with H,0, in seawater, again at
high iron concentrations which favored completion
of reactions (6) and (7). Reaction (6) is the slowest
of these two steps (Moffet and Zika, 1987). The rate
constant for reaction (6) (ky,o,) is obtained by
reducing the rate constant reported by Miilero
and Sotolongo (1989) by 1/2. The rate law for
step £ of the model is (Millero and Sotolongo.
1989):

8|Fe(11)]
o

The values of ko, and ky,0, used in the model were
calculated from the equations reported by Millero
et al. (1987) and Miliero and Sotolongo (1989) at
the appropriate temperature, salinity, pH (free
proton scale) and oxygen concentration for
cach numerical experiment and corrected for
stoichiometry as discussed here. The pseudo first-
order rate constants calculated from Mitlero’s
work at pH = 8.2, 25°C, salinity = 35 (Practical
Salinity Scale), oxygen = 214 uM (100% satura-
tion), and S0 nM H,0, were ko, =21 h™' and
kh,0, = 13 h~'. Hydroxide ion concentrations
were calculated from the pH using the dissociation
constant of water in seawater (Millero et al., 1987).
The value of ky,o, was recalculated at each time
step as the concentration of H;0, changed over the
course of a simulation.

= —kO:[Fc(Il)][03][OH'.]2 (8)

= —ky,o,[Fe(ID}[H,0,)[OH"] %
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No measurements of the rates of reactions (5) or
(7) in seawater are available. However, the radicals
involved in these reactions are likely to be con-
sumed by a variety of other reactions in seawater
when dissolved Fe(Il) concentrations are low
(Moffett and Zika. 1987). For example, 60-80%
of the superoxide ion formed in seawater dispro-
portionates to form H,0, (Petasne and Zika, 1987)
and would not be available to oxidize Fe(1l). The
hydroxyl radical formed in reaction (6) is also likely
to react by other pathways. Mopper and Zhou
(1990) estimated that reaction with Br™ scavenges
93% of the OH' formed in seawater. We have
assumed. in the absence of any additional quanti-
tative data which could be used in the model, that
all of the superoxide 10n disproportionates to form
H,0; and that all of the hydroxyl radical is
scavenged by other reactions. The rates of reac-
tions (5) and (7) are neglhigible in this scenario
and they are not included in the model. Incorpora-
tion of these reactions has no discernable effects
except on Fe(ll). as discussed below.

A simplified scheme for H,O; cycling was incor-
porated into the calculations to assess the effect
that iron photochemistry could have or* diurnal
cycling of hydrogen peroxide. Assuming that all
of the superoxide disproportionates to H,0, and
O.. the rate of formation of H,0; is 1/2 of the rate
at which Fe(Il) is oxidized by oxygen in this case.
One molecule of H,0, is also lost each time it
reacts with Fe(Il). The rate of this reaction was
estimated from she rate law determined by Millero
and Sotolongo (1989). A first-order term for
decay of hydrogen peroxide was also incorporated.
Plane et al. (1987) report a decay time for H,0, of 4
days. which corresponds to a first-order rate con-
stant of ky = 0.01 h™'. Similar results have been
observed by Johnson et al. (1989). No other
terms for H,0, production or consumption were
included.

Finally, a term was incorporated into the mode!
to account for biological uptake of iron as biomass
increased during the experiments. The uptake was
assumed to be first order in Fe(IIl1). The rate con-
stant was estimated from the increase in chloro-
phyll observed over the course of the incubations,
the C:chlorophyll ratio in plankton (Chavez et al.,
1991). and the Fe:C ratio in plankton from oligo-

trophic systems (Morel et al., 1991). This gave a
value k,, = 0.02 h™'.

The overall rate laws governing the production
of dissolved Fe(111), Fe(11) and particulate Fe(111)
(FeC) are then:

Fe(I1l
aArec - ~knuplFe(lID] - ke [Fe(IID)]
+ ko, [Fe(11))|0;)[OH "}
+ ky,0, [Fe(11)][H20,)[OH™)
—kbiolFC(llI)] (lO)
8[Fe(ll I
B = kouplFe(lID) .+ knclFeC)
~ ko, |Fe(I1){0,]{OH"}
= kn,0, [Fe(I1)][H,0,][OH"] (1
"’";"q = ke[Fe(I)] - ky.c[FeC) - (12)
it 10

The equation governing hydrogen peroxide pro-
duction and decay is:

a—ﬂ%oi] = 0.5ko, [Fe(IN)}[0,][OH ")

= kn,0, [Fe(11)][H,0,}{OH")
— kg[H,0,) (13)

The light intensity (//1y) in the model was gener-
ated by using a cosine function to vary irradiance
(D) from 0 to I,, and back to 0 over a 12 h period,
followed by a 12 h dark cycle. The initial concen-
trations of hydrogen peroxide were set to 25 nM,
which 1s similar to the values observed in the sur-
face water and in the carboys (W. King, pers. com-
mun., 1990). The concentrations of Fe(Il), Fe(IlI),
FeC and H,0, were then obtained by integrating
the equations numerically by finite differences
using Euler’s method. All calculations were per-
formed using iterative calculations and macro com-
mands in a Lotus 1-2-3 spreadsheet program.
Simulation of a 24 h cycle required only 40 s on a
50 Mhz 80486 IBM compatible computer. The
accuracy of the results was checked by reducing
the time step from 0.002 to 0.0001 h for a subset
of the calculations and verifying that the same
solutions were obtained. The sensitivity of the

= o B |

.
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model results to the various rate constants is
discussed below.

Fig. 8 shows results of a model run for pH 8.2
seawater with /p,,,, set equal to 0.25 x [, where I; is
the noontime solar irradiance at the sea surface,
which we assume to produce 30 »E ecm™ min~".
This is approximately equal to a solar flux of 1000
W m™? at the sea surface. The model results for
dissoived Fe(III) are in excelient agreement with
the observed TRFe concentrations observed in
the carboy experiments. The modeled concentra-
tions of Fe(Ill) show a diurnal concentration
change of about 3 nM, which is slightly larger
than the observed changes in TRFe concentra-
tion. This change is diurnal cycie is driven by the
formation of colloidal Fe(IlI) and its subsequent
photoreduction. As iron is consumed by phyto-
plankton, the overall level of iron in the system
decreases and the amplitude of the modeled photo-
chemical signal decreases at about the same rates as
observed in Carboy #3.

One adjustment was made to the mode! para-
meters to produce the agreement shown in Fig. 8.
The amount of added iron in the model was set
equal to 7 nM, rather than the 10 nM addition

8
Modeled Diss. Fea* Observed Data

—~ 6 . ¢  #1 fiterad + Fo
% W 4 #3unfitersd + Fe
S e
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Fig. 8. The solid line shows the concentration of dissolved,
monomeric Fe'~ predicted with the numerical model after the
addition of 7 nM Fe'~ to seawster. The dashed line shows the
light intensity cycle (///) used to dnve the photochemical cy-
cles. Maximum values of ///; were 0.25, which corresponds to a
depth of 25 m. For companson. the concentrations of total
reducible Fe measured in carboys shielded with PVC netting
10 reduce light to 25% of the surface intensity are also shown.
Iron was added to a concentration of 10 nM 1n each carboy.
Carboy #1 was 0.22 um filtered. while carboy #3 was unfiltered.

used in the carboy experiment. Without this adusi-
ment, the model results are 3 nM higher than the
observed values. This offset may represent the loss
of a portion of the iron added to the carboys into a
non-photolabile form, or it may represent rapid.
luxury uptake of iron by phytoplankton. Similar
losses of iron were observed in the subarcuc
Pacific (Coale, 1991).

Filtration of the seawater might be expected to
reduce photoreduction rates if the reaction occurs
primarily on surfaces. The diurnal cycle of TRFe
was much attenuated in Carboy #! (0.22 um
filtered to remove phytoplankton) after the first
day in the 1992 experiment, when compared to
the model results or the results observed in Carboy
#3 (Fig. 8). However, photoreduction rates were
high in Carboy #1 on the first day and the amnli-
tude did not decrease until the second day. Surfaces
of filterable particles do not seem to play an
important role in the photoreduction reaction.
therefore. One possible explanation for the
reduced photoreduction rate on day 2 is that
phytoplankton produce a short-lived, dissolved
compound that promotes photoreduction.
Enough.of this compound would have to remain
in solution after filtration to allow photoreduction
to occur on the first day but not on subsequent
days. However, in the absence of replicate experi-
ments on filtered carboys at the equator, these
conclusions must remain tentative.

The amplitude of the diurnal change in iron
concentration is similar in both the filtered and
unfiltered carboys at the 15°N station during
1992 (Fig. 5). The low nitrate concentrations
(< 0.1 uM) at this station supported a very low
biomass (chlorophyli=~0.05 pug 1I"'). This may
account for the lack of difference between filtered
and unfiltered experiments.

The sensitivity of the model predictions of dis-
solved Fe** concentrations to changes in the rate
constants is shown in Fig. 9. A baseline run of the
model predicted concentrations of dissolved
Fe(III) is plotted in this figure. These values were
calculated using the rate constants discussed above.
Model runs were also made with the following
changes from the baseline case: a two-fold
reduction in ky.c. knp Set to zero, a two-fold
reduction in the colloid formation rate constant
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Fig. 9. The eflect of changing the reaction rate constants on
predicted concentrations of dissolved Fe**. The base calcula-
tuon (QO) uses the rate constants discussed in the text. These
are the same as in Fig 8. except that the model run begins at
the start of the dark period. The predicted concentrations ob-
tained for a two-fold decrease in the photoreducuon rate of
colloidal iron (@ ;, and & two-fold decrease in the rate of for-
mation of colloidal iron (37) are shown. A 100-fold decrease in
the oxidauon rates of Fe?~ by oxygen and hydrogen peroxide
(W). which simulates complexation of 9% of the-Fe** by a
strong hgand, is also shown. Finally. a scenario with 100-fold
increases in the photoreduction rate of colloidal iron and rate of
formation of colloidal iron ((J) is shown.

kc.a 100-fold decrease in both kg, and ky,0,,and a
100-fold increase in both photoreduction rate
constants (Fig. 8).

The rate constants that have the greatest effect
upon the diel change in Fe(1II) concentrations are
the photoreduction rate of colloidal iron (k;,c) and
the rate of formation of colloidal iron (kc). Setting
kn.p to zero has no effect on the Fe(Ill) concen-
trations. Photoreduction of dissolved Fe(IIl) is
negligible compared to photoreduction of the
colloidal Fe(I111) and only very large increases in
its rate constant will have an effect on model out-
put. A 50% reduction in ky,c reduces the ampli-
tude of the diurnal cycle of Fe(lII) by only 25%.
The non-linear relationship between a change in
knc and the amplitude of the Fe(lll) diurnal
cycle is produced by the first-order kinetics used
for formation of colloidal Fe(Ill) and photo-
reduction of colloidal Fe. The two-fold reduction
in colloid formation rate increases the minimum
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Fe(lIl) concentration by nearly a factor of two
and the amplitude of the diurnal change is reduced
by about 30%. Large changes in the oxidation rate
of Fe(lI) have aimost no effect on the Fe(11]) con-
centration predicted with the model. For example,
there is no discernable change in any of the Fe(III)
species if all of the radicals produced during Fe(1l)
oxidation react completely with Fe(I1). The results
are not sensitive to the oxidation rate because it is
so fast compared to photoreduction or colloid for-
mation rates that the Fe(1l) pool is negligible in size
compared to the Fe(IIl) pool.

The maximum Fe(ll) concentrations that are
obtained in the baseline model calculation are
0.033 nM. The steady state concentration of
Fe(ll) predicted from Eq. (11) at maximum
irradiance (/p) is:

kn.c[FeC]

Fe(Il)],, = 2L~
l )]SS koz"’ H,o}

= 0.017[FeC] (14)

if the slow photoreduction step for dissolved
Fe(I11) is ignored. This steady state equation pre-
dicts maximum concentrations of Fe(Il) that are
only 0.5% of the total iron concentration.

Substantial (> 10% of dissolved iron) Fe(Il)
concentrations can only be supported by 30-fold
decreases in the Fe(1l) oxidation rate or by a com-
bined increase in the photoreduction rate and col-
loid formation rate. A 100-fold decrease in the
Fe(1l) oxidation rates would produce maximum
Fe(Il) concentrations of about 0.5 nM with total
iron concentrations of 7 nM (Fig. 9). A 100-fold
increase in both of the photoreduction rates will
produce Fe(ll) concentrations of only 0.] nM
because photoreduction rapidly transfers iron
from the colloidal reservoir with high photo-
reduction rates to the dissolved Fe(IIl) pool
where photoreduction rates are low with even a
100-fold increase. An increase in photoreduction
rates must be accompanied by an increase in the
rate of colloid formation to maintain high Fe(ll)
concentrations.

Hydrogen peroxide is generated in the model by
disproportionation of the superoxide ion produced
by reaction of oxygen with Fe(lI). The predicted
concentration of H,O, shows a diurnal cycle with
an amplitude of about 2 nM in simulations with




330

25% of the surface light intensity and 7 nM added
iron. Maximum concentrations occur at local
noon. In comparison. diurnal cycles of hydrogen
peroxide observed in the Gulf of Mexico are much
larger, with an amplitude of about 25 nM (Zika
et al.,, 1985). The amount of hydrogen peroxide
produced by photochemical cycling of iron in
oligotrophic waters will be much less because
concentrations of photolabile iron are 100
times lower than were used in the simulation.
Thus, redox cycling of iron is unlikely to
produce significant amounts of hydrogen
peroxide.

Hydrogen peroxide concentrations also seemed
to have little direct effect on the photocycling of
iron. The TRFe levels in carboys to which catalase
had been added were not substantially different
than similar experiments without catalase (Figs. 4
and 5). The eflects of adding catalase to a carboy
were also simulated with the model by increasing
" the decay rate of hydrogen peroxide (kq) by a
factor of 100. The hydrogen peroxide concen-
trations remained below 0.7 nM in this simu-
lation. The iron concentrations changed by less
than 0.00! nM. relative to the baseline model
calculation.

0.15
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4. Discussion

The results presented here are strong evidence
for the existence of an active iron photochemical
cycle in surface seawater. The observations made in
carboy experiments show distinct diurnal cycles in
iron concentrations. These observations are sup-
ported by a model derived from independently
published measurements.

How will photochemical reactions affect the dis-
tribution of dissolved iron in surface waters? To
answer this question, we have used the numerical
model to simulate the diurnal cycle of iron in
equatorial waters using the measurements of filter-
able and particulate iron in the euphotic zone at
0°N., 140°W that were reported by Martin (1992).
Concentrations of iron that pass through a 0.45 um
filter averaged 0.05 nM in the upper 100 m and
particulate iron averaged 0.2 nM. It is likely that
much of the particulate Fe is refractory and not
reducible. We estimated the refractory Fe concen-
tration to be 0.1 nM, based on the particulate
aluminum concentration observed by Martin
(1992) (0°2 nM) and the Fe:Al ratio in crustal
rock (3 mo! Al:mol Fe). The pool of photolabile
Fe (dissolved + reducible colloidal + reducible
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Fig. 10. The simulated concentration of dissolved. monomeric Fe'~ is shown for a system with a total concentration of photolabile Fe

equal to 0.15 nM, similar to that expected for surface waters
corresponding to a depth near 10 m

in the equatorial Pacific. The maximum light intensity was 0.5 /.
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particulate) was set equal to 0.15 nM Fe,
therefore.

The diurnal cycie of iron that results in seawater
containing 0.15 nM of photolabile iron that has a
photoreduction rate similar to colloidal iron is
shown in Fig. 10. The particulate and colloidal
pool of iron is rapidly photoreduced and dissolved
concentrations that vary within the concentration
range 0.03-0.09 nM are produced. These dissolved
iron concentrations bracket the range of filterabie
iron concentrations observed by Martin (1992).
However, it is difficult to compare the results of
the model developed here with conventional
measurements of dissolved and particulate iron
distributions in the sea. Dissolved iron is usually
determined as the total amount of iron in samples
that have been passed through a 0 45 um filter and
then acidified to a pH near 2. This fraction will
contain both the truly dissoived iron and the
colioidal iron. We refer to this fraction as filterable
iron to distinguish it from dissolved iron. No
diurnal cycles would be observed in the concen-
tration of filterable iron if colloidal iron was the
main product of reaction (A).

In the oligotrophic waters of the central North
Pacific, conventional measurements of filterable
iron follow a nutriem like profile with concen-
trations that rise from < 0.1 nM near the surface
to values of 0.7 nM a1 2000 m depth (Martin and
Gordon, 1988, Martin et al., 1989). If photo-
chemical reactions are required to produce dis-
solved iron, thes much of the filterable iron must
be colloidal material. This suggests that the solu-
bility of iron is much less than 1 nM. There is
considerable uncertainty regarding the solubility
of dissolved iron in seawater. Byrne and Kester
(1976) suggested that dissolved iron concen-
trations as high 20 nM could be found in pH 8
seawater. However, this result has been ques-
tioned by Zafiriou and True (1980). They suggest
a much lower solubility for Fe(III) at pH 8. Zhu
et al. (1992) have also reanaiyzed the data of Byme
and Kester (1976) and obtained an Fe(Ill) solu-
bility of 0.6 nM at pH 8. Recently, Hudson et al.
(1992) have also concluded that their experimental
results are consistent with a solubility of Fe(IIl)
that is <1 nM at pH 8. Motekaitis and
Martell (1987) have calculated a solubility for

Fe(11l) in seawater of 0.1 nM. As colloids age.
the solubility may drop even further. Thus, it 1s
possible that a high percentage of the iron in sea-
water, which passes through a 0.45 um filter. 1s
colloidal, even at t0tal iron concentrations < } nM.

Manganese is an element that also undergoes an
active photoreduction cycle in seawater (Sunda and
Huntsman, 1988). Manganese photoreduction is
believed 1o contribute to the formation of the
near-surface concentration maximum that is often
observed in vertical profiles of dissolved Mn con-
centrations (Sunda and Huntsman, 1988). Near-
surface concentration maxima in dissolved iron
concentrations are also a relatively common occur-
rence (Martin and Gordon, 1988; Bruland et al.,
1991). This may result from rapid solubilization
of iron from aerosol particles in the near-surface
that is driven by photoreduction of iron in the sea.
or on aerosol particles in the atmosphere (Zhuang
et al., 1992).

The flux of iron produced by photoreduction
appears to match the requirements of phytoplank-
ton in the equatorial Pacific. We have estimated the
biological requirements for iron from the Fe:C
ratio of oceanic plankton (6 x 10™® mol Fe:mol
C. Morel et al., 1991), the doubling rate of plank-
ton populations at 140°W on the equator (0.74
doublings d™'; Chavez et al., 1991) and the stand-
ing stock of plankton carbon at 140°W (14 pg C
17'; Chavez et al., 1991). These numbers give a
requirement of 0.2 pmol Fe 1=! h™', slightly lower
than the estimate of Rich and Morel (1990). The
largest photoreduction rate calculated with the
model in the upper 10 m is 25 pmol 17! h~! (Fig.
1), which is well in excess of the biological require-
ment. However, the average photoreduction rate
determined over a 24 h cycle at light intensities
from the surface to the 0.1% light level is only 2
pmol Fe1”! h™! (Fig. 11). This average rate is likely
10 just meet the population requirements since the
plankton must compete with colloid formation
reactions for the available iron. For comparison.
Wells and Mayer (1991) have estimated the photo-
reduction rate in the equatorial Pacific at maximum
light to be 0.7 pmol 1~ h~'. This result differs
significantly from our maximum rate because of
the lower photoreduction rates of colloidal iron
obtained in their work. These differences may
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Fig. 11. Photoreduction rates vs. depth. assuming that the dif-
fuse attenuation coefficient for light 1s 0.06 m™'. corresponding
to a 1% light level at 75 m. and that the iniual. photolabile Fe
concentration (dissolved ~ colloidal) was 0.15 nM. The maxi-
mum photoreduction rates occur in mid-morning, when the
colloidal iron concentrations and hight intensities are relatively
high. The average photoreduction rates were calculated from the
predicted photoreduction rates over a complete 24 h cycle. The
arrow a1 0.2 pmol "' h~' shows the average iron requirement of
the phytoplankton population calculated as discussed in the
text.

arise because of the 100-1000-fold higher iron con-
centrations that they used in their work:

The thermal dissolution rate constant for iron
colloids produced by oxidation of Fe(Il) is 0.016
h~' in seawater containing EDTA (Rich and
Morel, 1990). If colloidal iron concentrations
average 0.1 nmol 1™} in the euphotic zone of the
equatorial Pacific, then the production rate of
dissolved iron due to thermal dissolution might
be 2 pmol I"' h™', very similar to the average
photoreduction rate. However, the thermal dis-
solution rate of colloids in situ may be much
lower than the rate measured in the laboratory if
it is accelerated by the low Fe(IIl) concentrations
that are maintained by the EDTA. If Fe(IIl) solu-
bility is as low as suggested by the calculations of
Motekaitis and Martell (1987). then thermal dis-
solution may not be a major contributor to the
stock of biologically available iron.

The results of the incubation experiments
demonstrated that all of the forms of iron that
were added to seawater were made biologically
available. However. aerosol particles appeared to
stimulate the highest levels of growth despite the
fact that the levels of TRFe were the lowest in this
carboy. This effect was seen previously in
equatorial Pacific waters by Martin et al. (1991)
They found that 2-3 times more particulate
organic carbon was produced with aerosols than
with inorganic Fe(I1I) additions. The effect of aero-
sol iron may be due to the effects of other metals
present in the particles (Arimoto et al.. 1989).
Coale (1991) found that manganese and copper
also caused a small increase in growth in waters
from the subarctic Pacific. Manganese alone did
not increase chlorophyll levels or nitrate uptake
in several incubation experiments performed on
the FeLINE-I cruise. Martin et al. (1989) com-
pared the effects of 10 nM Fe additions alone
with the effects of a combined metal addition (10
nM Fe, | nM Mn and 0.1 nM Co) on phytoplank-
ton chlorophyll production and nitrate uptake in
samples from the subarctic Pacific. Phytoplankton
doubling*rates were highest in the treatments with
the mixed metal additions at two of the three
stations tested. These two stations were also the
most iron limited. in the sense that they had the
highest surface nitrate concentrations. Thus, it is
reasonable to expect that aerosol particles contain-
ing iron would produce the highest growth.

The results of the modeling work suggest several
constraints that can be placed on the occurrence of
reduced Fe(Il) in seawater. The model predicts
maximum Fe(Il) concentrations of only 1 x 107*
nM when total reducible concentrations of iron
are near 0.15 nM and the temperature is 25°C.
Significant amounts of Fe(II) (> 10% of the dis-
solved iron) are possible only with large increases
(= 100-fold) in both the rates of photoreduction
and formation of FeC, or large decrease (= 30-
fold) in the rate of Fe(Il) oxidation. The rate of
Fe(II) oxidation becomes 2 or 3 times slower than
predicted as Fe(II) concentrations decrease (Waite
and Morel, 1984; Millero et al., 1987). It has been
suggested that these results may indicate the
presence of Fe(Il) binding ligands that reduce
oxidation rates as the Fe(ll) concentration




approached low nanomolar concentrations
(Hudson et al., 1992). However, these small
decreases in the Fe(Il) oxidation rate might also
be due to the loss of the radicals OH’, O; and
H,O; by pathways other than Fe(Il) oxidation.
Despite this. one should note that strong copper
binding ligands exist at very low concentrations
in seawater and these ligands can greatly reduce
copper activity (Coale and Bruland, 1988). If simi-
lar higands, which can bind Fe(Il) or promote
Fe(11l) photoreduction, exist at sub-nanomolar
concentrations, then they would not be detectable
in the experiments discussed here and yet they
would have an large impact at ambient iron con-
centrations. Large decreases in the iron oxidation
rate also occur at low temperatures (Millero et al.,
1987) and Fe(Il) might become important at high
latitudes.
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